Introduction genomic interval required for all programmed cell death in the embryo (White et al., 1994). Three observations Eukaryotic cells exhibit a variety of responses to geno-
indicate that a radiation-induced signaling pathway metoxic stress including cell cycle arrest, apoptosis, and diates apoptosis through transactivation of rpr: deleinduction of DNA repair systems (Friedberg et al., 1995) . tions removing rpr, grim, and hid block radiationIn mammals, the tumor suppressor protein p53 is the induced apoptosis (White et al., 1994); rpr transcription most widely studied regulator of cellular responses to is induced by ionizing radiation (Nordstrom et al., 1996) ; DNA damage (reviewed in Ko and Prives, 1996; Levine, and rpr expression is sufficient to induce apoptosis (Hay 1997; May and May, 1999) . Induction of p53 activity by et al., 1995; White et al., 1996). Together, these observastimuli including DNA damage, hypoxia, and oncogene tions imply the existence of a radiation-induced signalactivation is a critical mechanism in limiting cancer deing pathway that mediates apoptosis through transactivelopment, as indicated by the loss of p53 function or vation of rpr. Here we report the characterization of a regulation in most human tumors. Activation of this tranDrosophila p53 homolog and provide evidence that rpr scription factor can either eliminate injured cells through is one of its direct transcriptional targets in vivo. apoptosis or initiate reversible cell cycle arrest. Despite the ongoing effort to understand p53 function, the mechResults and Discussion anisms by which this protein specifies these distinct adaptive options remain unclear.
A Drosophila Homolog of p53 Transcriptional regulation appears to be the primary We used TBLASTN to search the high-throughput genofunction of p53 (Ko and Prives, 1996 
sophila EST sequences (Berkeley Drosophila Genome
Project/HHMI EST Project, http://www.fruitfly.org) recontains a basic region (9/26 amino acids) that helps regulate sequence-specific DNA binding by p53 and can vealed ten overlapping cDNA clones, seven derived from an embryonic cDNA library and three from an adult head itself bind either DNA or RNA (reviewed in Levine, 1997) . Although Dmp53 has little sequence similarity with Hp53 library. We sequenced two 1.5 kilobase cDNAs, LD35041 (GenBank accession number AF224713) from the emin this region, it is enriched in basic residues (6/24). Adjacent to the basic region of Hp53 is a small domain bryonic library and GH11591 (GenBank accession number AF224714) from the head library. The cDNAs are required for tetramerization. The primary sequence in this region is poorly conserved in Dmp53, although identical except that the head cDNA has an additional 7 nucleotides at the 5Ј end and an additional 48 nucleoGly334, a critical "hinge" residue (Jeffrey et al., 1995) is conserved in all species including Drosophila. A role for tides at the 3Ј end. Comparison of the cDNA sequence to genomic sequence identified 8 exons spanning 3.8 this region in Dmp53 oligomerization is supported by yeast two-hybrid experiments discussed below. kilobases ( Figure 1A) . We have designated this gene p53 to reflect its similarity in sequence and function to Phosphorylation and acetylation have been implicated in regulating Hp53 stability and transcriptional mammalian p53 (see below). In this report, we use Dmp53 and Hp53 to distinguish between the Drosophila activity following DNA damage (Lakin and Jackson, 1999) . Sites of particular note are the Ser-Glu amino melanogaster and human genes.
Comparison of the predicted Dmp53 protein with acid pairs at positions 15 and 37, which can be serine phosphorylated by members of the ATM family of DNA Hp53 indicated that residues critical for DNA binding, as revealed in the three-dimensional structure of p53 damage-responsive kinases ( Figure 1B ). The nearby Ser4-Glu5 pair in Dmp53 might be a target for one of bound to DNA (Cho et al., 1994) , are conserved in Drosophila. In Figure 1B , the deduced 385 amino acid open these kinases. Among the acetylation sites that have been described, Lys382 in Hp53 has a possible equivareading frame is shown aligned to human, zebrafish, Xenopus, and squid p53 as well as human p73␣. In lent at Lys373 in Dmp53 ( Figure 1B ). Figure 1C provides an overview of the domains in several p53 family members. As discussed above, mutation in tumors, four are identical in Dmp53 and the other two are similar ( Figure 1B) . Two of the mutation Dmp53 contains the critical residues required for a sequence-specific DNA-binding domain, an N-terminal hotspots correspond to residues that directly contact DNA. Among the remaining six DNA-binding amino acidic region, and a C-terminal basic region. Squid p53 and some splice forms of human p73 and p63 contain an acids, four of the residues are identical, one is similar, and one is not conserved ( Figure 1B) . Finally, the four extended C-terminal tail that contains a putative sterile alpha motif (SAM) domain (Thanos and Bowie, 1999), residues that bind zinc are also conserved in Dmp53 ( Figure 1B) . Thus, despite being the most divergent p53 believed to mediate protein-protein interactions. None of our cDNAs for Dmp53 contain this C-terminal domain family member described to date, the conservation of amino acid residues required for DNA binding suggests and are, in this respect, more similar to the mammalian p53. Excluding the C-terminal tail, the sequence of that Dmp53 will interact with the consensus binding sequence for Hp53.
Dmp53 is equally distant from human p53, human p73, and squid p53. The regions outside the DNA-binding domain of Dmp53 show less obvious sequence similarities to Hp53 (Figures 1B and 1C) . The N terminus of Dmp53 does not appear to contain either an Mdm2-binding motif (Kussie DNA Binding and Oligomerization by Drosophila p53 et al., 1996) or a proline-rich region (Walker and Levine, 1996) . However, the N termini of Dmp53 and Hp53 share To initially characterize Dmp53 function, we used yeast one-and two-hybrid assays previously used to examine a high proportion of acidic residues. Thus, it is possible that the function of this domain in transcriptional activathe biochemical functions of Hp53 (Figure 2 ). For each assay, five Dmp53 derivatives were tested: full-length, tion is conserved in Dmp53. The C terminus of Hp53 To test for oligomerization, we used a two-hybrid assay (Iwabuchi et al., 1993) and the same reporters as described for the activation assay. Dmp53(Nt) was not tested with the lacZ reporter because it gave a weak positive signal in the activation assay; all other Dmp53 derivatives were tested against themselves in the twohybrid assay since, tested alone, these fusions were unable to activate the GAL4-dependent reporters. For all three reporters, oligomerization activity was strong- , 1996) . The Dmp53 variants a 3-fold excess of Dmp53(155H) reduced transcription by wild-type Dmp53 by roughly 50% whereas cotranswere specifically expressed in the posterior half of the fection of either Dmp53(259H) or Dmp53(Ct) in similar developing Drosophila wing using an engrailed-GAL4 amounts reduced transcription by wild-type Dmp53 to driver line ( Figures 4A-4C ) and effects on damagenear background levels ( Figure 3F) . Therefore, like their induced apoptosis and cell cycle arrest were monitored human counterparts, these Dmp53 variants can act as after irradiation. dominant-negative forms that partially or completely
We compared the levels of apoptosis in untreated block activity of the wild-type protein. The dominantand irradiated wing discs expressing dominant-negative negative activity of Dmp53(Ct) is consistent with the Dmp53. In untreated wild-type discs ( Figure 4G ), there observation in yeast assays that this domain contains are a small number of clustered apoptotic cells as visualan oligomerization domain.
ized by staining with the vital dye acridine orange. In discs with engrailed-GAL4 driving expression of dominant-negative Dmp53, there is no substantial difference Dominant-Negative Drosophila p53 Blocks in the level of apoptosis in the anterior and posterior Radiation-Induced Apoptosis halves of the disc (Figures 4H and 4I) . Following irradiaTo perturb the function of Dmp53 during Drosophila tion, there is a massive increase in the amount of apoptodevelopment, we directed expression of dominant-negsis throughout wild-type wing discs ( Figure 4D ). Howative forms in vivo using the GAL4-UAS system (Brand and Perrimon, 1993). For these studies, we produced ever, in animals expressing dominant-negative Dmp53 in the posterior of the wing disc, radiation-induced aposhown). This result is consistent with the normal levels of mitosis and apoptosis in unirradiated wing discs exptosis is greatly reduced in that region (Figures 4E and  4F ). This reduction is not due to minor differences in the pressing dominant-negative Dmp53 ( Figures 4H, 4I, 4N , and 4O). Similarly, widespread expression of dominantage or handling of the discs since a robust radiationinduced apoptosis is observed in the anterior portion of negative Dmp53 using a tubulin-GAL4 driver does not generate any obvious adult phenotypes (not shown). the disc where dominant-negative p53 is not expressed.
Together, these results indicate that Dmp53 is required
These results suggest that, like Hp53, Dmp53 is required in vivo to respond to certain cellular stresses, but may for radiation-induced apoptosis in the wing, but not for the normal levels of cell death that occur in the absence not be essential for normal development. This role is unlike that of the mammalian homolog p63, which is of DNA-damaging agents.
We also examined the effect of dominant-negative required for limb development in both humans and mice in a rough, small eye phenotype (not shown); similar expression of Dmp53(259H) had no effect on eye morIrradiation of wild-type wing discs blocks entry into mitosis ( Figures 4J and 4M) ; this block is not affected by phology. Unlike radiation-induced apoptosis (Hay et al., 1994) , apoptosis due to overexpression of Dmp53 was expression of dominant-negative Dmp53 (Figures 4K, 4L,  4N, and 4O) . Thus, although Dmp53 is required for radianot suppressed by coexpression of the viral caspaseinhibitor p35; this observation suggests that overexprestion-induced apoptosis, our data do not support a role for this protein during the G2/M checkpoint in the wing. sion of Dmp53 is sufficient to induce apoptosis, but that the response is either qualitatively or quantitatively In animals expressing dominant-negative Dmp53 under the control of engrailed-GAL4, the size and patdifferent from the apoptotic response to DNA damage. Since the action of at least one Drosophila caspase is terning of the adult wing is not noticeably altered (not insensitive to p35 expression (Meier et al., 2000) , overexthat cis-regulatory sequences responsible for damageinduced transcription of rpr can be isolated from others pression of Dmp53 may activate apoptosis though a that respond to developmental cues. p35-resistant caspase.
The rpr Radiation Responsive Enhancer Contains Localization of a Radiation Responsive Enhancer a Drosophila p53 Response Element at the reaper Locus
Within the 150 bp enhancer, we identified a 20 bp seThe genomic region containing rpr, grim, and hid is quence that strongly resembles the consensus for hurequired for all cell death in Drosophila embryos, includman p53 DNA-binding sites (el-Deiry et al., 1992). We ing radiation-induced apoptosis (White et al., 1994) . rpr refer to this 20 bp sequence as the p53 response eleis transcriptionally induced in embryos following irradiament (p53RE) to reflect its response to Dmp53 in yeast tion, and an 11 kb sequence upstream of the rpr start (see below). Like those found upstream of the human codon is sufficient to confer radiation responsiveness target genes mdm-2 (Wu et al., 1993) and p21/WAF1 on a lacZ reporter transgene (Nordstrom et al., 1996) . To (el-Deiry et al., 1993), this putative p53 binding site upidentify the minimal radiation-responsive cis-elements stream of rpr contains two tandemly arrayed 10mers, upstream of rpr, we tested the ability of smaller frageach of which matches the consensus motif at nine of ments of this 11 kb regulatory region to activate lacZ ten positions ( Figure 5B ). The two mismatches (shown transcription ( Figure 5A ). Each transgenic strain was in lower case) occur at the outer positions of the 20 bp tested for radiation-induced expression of ␤-galactosielement; the invariant core nucleotides of each 10mer dase as described previously (Nordstrom et al., 1996) . motif match the consensus perfectly. From this series, multiple constructs containing seWe tested whether Drosophila p53 interacts with the quences ‫5ف‬ kb upstream of the rpr start codon showed p53RE by conducting yeast one-hybrid assays similar a robust radiation response (e.g., 2kb-lacZ in Figure 5A , to those in Figure 2 . For these studies, a reporter plasmid Figure 6 ). These experiments identify a discrete 150 bp containing the p53RE upstream of the ␤-galactosidase enhancer ( Figures 5A and 5B ) that responds to radiation gene was integrated into the yeast genome to produce as strongly as the larger enhancer fragments tested. the p53RE bait strain. Next, this p53RE bait strain was Since this enhancer retains radiation-responsiveness transformed with test plasmids expressing either wildbut does not recapitulate the developmental patterns type Dmp53 or Dmp53(259H) fused to the GAL4 activaof rpr expression seen with larger enhancer fragments tion domain. These strains were assayed for ␤-galactosidase activity ( Figure 5C ). Reporter expression in strains (see Nordstrom et al., 1996) , the results also indicate 
, 1996). of the four independent transformants carrying the wildtype Dmp53 plasmid showed a substantial increase in
We tested whether transcriptional activation mediated by p53RE represents a specific response to radiation ␤-galactosidase levels. Based on these results, we conclude that the 150 bp radiation-responsive enhancer damage or a common integration point for multiple pathways that lead to excess apoptosis. We examined ␤-galupstream of rpr contains a 20 bp binding site for Dmp53.
actosidase expression in wild-type and crb embryos carrying either the p53RE-lacZ or the 2kb-lacZ reporter The p53 Response Element Is Sufficient constructs (Figure 7) . In stage 12/13 wild-type embryos, for Radiation-Induced Transcription expression of the 2kb-lacZ transgene is normally conWe next tested whether the p53RE is sufficient to confer fined to the developing gut but, in similarly aged crb radiation-responsive transcriptional activation upon a embryos, expression is induced throughout the epiderlacZ reporter construct in vivo. A transgene containing mis. In contrast, the p53RE-lacZ transgene exhibits only four copies of the p53RE and the minimal hsp70 probasal expression in either wild-type or crb embryos (Figmoter showed negligible expression in untreated emure 7). Thus, despite widespread apoptosis in crb embryos but was substantially induced following irradiation bryos, there is no induction of reporter expression from (Figure 6) . Therefore, the 20 bp Dmp53 binding site from the p53RE. These results indicate that the p53RE specifithe rpr locus is sufficient to mediate a transcriptional cally responds to radiation damage, not generally to all response to radiation and may define a minimal radiation proapoptotic signals. They also indicate that irradiation responsive sequence. When analyzed in parallel to the and disrupted development may activate rpr expression 150-lacZ reporter, the p53RE-lacZ reporter exhibits less through distinct pathways. robust and less uniform ␤-galactosidase activity following irradiation (not shown). Reduced activity is often observed when DNA elements are tested in isolation 
